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Metal–insulator (MI) transitions in correlated
electron systems have long been a central and
controversial issue in material science. Vanadium
dioxide (VO2) exhibits a first-order MI transition
at 340 K [1]. For more than half a century, it has
been debated whether electronic correlation [2–4]
or the structural instability due to dimerised
V ions [5–8] is the more essential driving force
behind this MI transition. Here, we show that
an ultrahigh magnetic field of 500 T renders
the insulator phase of tungsten (W)-doped VO2
metallic. The spin Zeeman effect on the d elec-
trons of the V ions dissociates the dimers in the
insulating phase, resulting in the delocalisation
of electrons. Because the Mott–Hubbard gap
essentially does not depend on the spin degree of
freedom, the structural instability is likely to be
the more essential driving force behind the MI
transition.
The Mott–Hubbard insulator is a class of materials in
which strong electron correlation disturbs the motion of
electrons and electrons are localised [9]. The magnetic
ground state of many Mott-Hubbard insulators shows an-
tiferromagnetic order, and high-Tc superconductivity oc-
curs near the magnetic-order phase, indicating that the
spin degree of freedom is important to understand their
peculiar electronic states. On the other hand, several
insulators possess strong electron correlation, but their
magnetic ground state is a spin singlet (nonmagnetic) [9].
VO2 is one such material. Strong electron correlation has
been claimed to be necessary for understanding the large
energy gap of 0.7 eV in the low-temperature insulating
phase of VO2 [2–4]. A key feature of the MI transition
of VO2 is that it occurs along with a structural transi-
tion from a high-temperature rutile (tetragonal) phase
to a low-temperature monoclinic phase [1, 7, 8]. Vana-
dium dimers are formed in the low-temperature mono-
clinic phase, and d electrons of the V ions (V4+: d1)
form metal–metal bonding with a molecular orbital. The
d electrons are localised in the molecular orbital of the
V–V dimer, which can result in the insulating nature [5–
8].
∗ ymatsuda@issp.u-tokyo.ac.jp
Many theoretical and experimental studies have been
conducted to determine whether the structural instabil-
ity due to dimerisation [5–8] or electron correlation (Mott
physics) [2–4, 10, 11] is the more essential driving force
behind the MI transition. Understanding of the micro-
scopic mechanism of the MI transition of VO2 is also
important for its practical applications as sensors and
switching devices; abrupt changes in resistivity and op-
tical absorption at the transition temperature 340 K are
useful for them [12]. The manipulation of electron spins
by a magnetic field can shed light on the problem of MI
transition because the dimerisation can be suppressed by
the Zeeman energy in magnetic fields. One may envision
that the molecular orbital between the V atoms collapses
by the forced alignment of the spin direction because the
bonding orbital is formed only with two electrons hav-
ing opposite spin states. The advantage of utilising a
magnetic field is that the electronic state can be modi-
fied through the Zeeman splitting while maintaining the
quantum-mechanical electron correlation that is signifi-
cant at low temperatures. Since the Mott–Hubbard gap
is expected to be insensitive to the spin state, the mag-
netic field cannot affect the insulating nature if the Mott
physics is the more essential driving force behind the MI
transition. Ultrahigh magnetic fields with Zeeman en-
ergy at least comparable to the thermal energy at the
MI transition temperature (TMI) would be required to
investigate the potential magnetic-field-induced metalli-
sation of VO2.
In the present study, we experimentally demonstrate
that the insulating dimerised state can be transformed
to a metallic state by a strong magnetic field of 500 T in
W-doped VO2, the MI transition temperature of which
is controlled to approximately 100 K [13]. We performed
magneto-transmission experiments using a near-infrared
laser line and found a significant decrease in the transmit-
ted light intensity at the ultrahigh-magnetic-field region,
which is distinct evidence of the field-induced insulator–
metal (IM) transition. The observed onset field of the
transition at 14 K is approximately 120 T, and its Zee-
man energy corresponds to 162 K when g = 2 and S
= 1/2, where g and S are the g-factor and spin quan-
tum number, respectively. The observed magnetic-field-
induced metallisation indicates that the dimerisation is a
more essential driving force than the electron correlation
for the MI transition in VO2.
Figure 1 shows optical absorption spectra of a
2Fig 1. Optical absorption spectra at different tem-
peratures without external magnetic fields. The ar-
row indicates the energy of the laser used for the magneto-
transmission experiments.
V1−xWxO2 (x = 0.06) thin film at different temperatures
without external magnetic fields. The broad absorption
peak around 1 eV can be attributed to the excitation
from the bonding d|| orbital to the non-bonding pi
∗ or-
bital of the d electrons of V4+ (d1) in the octahedron
of oxygen ions [7, 14–16]. The d|| and pi
∗ orbitals orig-
inate from the t2g state in the crystal field with cubic
symmetry. The strong increase in absorption with pho-
ton energy increasing beyond approximately 1.8 eV is
attributed to the transition of charge transfer from the
vanadium 3d-like band to the oxygen 2p-like band [15].
The absorption below approximately 1.2 eV is found
to increase with decreasing photon energy at a high tem-
perature of, e.g., 296 K. The absorption becomes less
significant as the temperature decreases. This behaviour
is accounted for by the opening of the energy gap and
a change in the number of conduction electrons [15, 17].
The significant decrease of absorption with decreasing
temperature at energies such as 0.627 eV (corresponding
to the laser line wavelength of 1.977 µm used for the
magneto-transmission experiment) directly reflects the
MI transition. The observed temperature dependence
of the spectra is very similar to the previously reported
result for V1−xWxO2 (x = 0.05) [17].
Figures 2 (a) and (b) show, respectively, the temper-
ature dependence of electrical resistivity (ρ) and that of
the optical transmission at 1.977 µm of three layers of
a V1−xWxO2 (x = 0.06) thin film with a total thick-
ness of 45 nm. The MI transition occurs around 100 K,
and the transmission below approximately 70 K is nearly
independent of temperature. The curve-fitting analysis
of the spectra, taking into account the DC electrical re-
sistivity, shows that the effect of closing of the energy
gap (change in the absorption band) is more significant
than that of the free-carrier absorption. When the carrier
Fig 2. Temperature dependence of electrical resistiv-
ity and optical transmission of a V1−xWxO2 (x = 0.06)
thin film. a, Temperature dependence of electrical resistiv-
ity (ρ). The arrows indicate heating and cooling processes.
b, Temperature dependence of the optical transmission at
1.977 µm. The error bar is as large as the size of the diamond
mark in the plot.
density is less than approximately 1025 m−3, the trans-
mission at 0.627 eV is nearly independent of the carrier
density. Details of the fitting are described in the Sup-
plementary Information. The hysteresis observed in the
temperature dependence of ρ indicates the first-order na-
ture of the MI transition, although it is not observed very
clearly in the temperature dependence of the transmis-
sion. The transmission is measured with both cooling
and heating processes, and Fig. 2 (b) plots the averaged
results.
Ultrahigh magnetic fields (B) of up to 520 T are ap-
plied perpendicular to the thin-film plane (B||c, where c
is the crystal axis of the rutile structure), and the opti-
cal transmission at 1.977 µm is simultaneously measured.
As shown in the upper panel of Fig. 3, the magnetic field
(red curve) increases with time (t) and reaches 520 T at
42.8 µs after the ignition of gap switches of the capacitor
bank power supply at t = 0. Figure 3 shows the t evo-
lution of the transmitted light intensity at 14 K with a
light-blue curve. The lower panel of the figure shows a
magnified view of the region from 50 to 520 T. The optical
transmission at 20 and 291 K without magnetic fields is
measured immediately before conducting the destructive
ultrahigh-magnetic-field experiment, clearly showing the
transmission levels in the insulating and metallic phases,
respectively.
The transmission at 14 K under a magnetic field starts
to show a gradual decrease at approximately 45 µs when
the magnetic field reaches approximately 100 T; subse-
quently, the decrease is accelerated with increasing mag-
3Fig 3. Temporal evolutions of the magnetic field and
optical transmissions. Upper panel: evolutions of the mag-
netic field (red curve) and the optical transmission at 14 K
(light-blue curve). The temporal evolutions of the transmis-
sion at 20 K and 291 K before applying the magnetic field
are also shown with blue and light-green curves, respectively.
Lower panel: magnified view of the upper panel. The two
dashed arrows show the breaking points of the measurements
of the magnetic field and optical transmission, respectively.
They are found to occur at nearly the same time as the tim-
ing of termination of the magnetic-flux compression process
[18].
netic field. Then eventually, the transmission under
fields greater than 500 T is less than that in the high-
temperature metallic phase (291 K), which clearly shows
that the insulating phase of V1−xWxO2 (x = 0.06) is
transformed to a metallic phase under ultrahigh mag-
netic fields exceeding 500 T. Because the transmission at
14 K keeps decreasing beyond the value corresponding to
the high-temperature metallic phase, the electrical resis-
tivity is expected to be lower in the high-field metallic
phase than in the high-temperature metallic phase. A
lower scattering rate of electrons is expected owing to re-
ductions in phonon and magnetic scattering in the novel
low-temperature high-magnetic-field metallic phase.
Figure 4 plots the transmission at 14 and 131 K as
functions of the magnetic field. Because the experi-
ment at 131 K was performed with a lower energy for
magnetic-field generation, the maximum field was 240 T.
The transmission at zero field is lower than that at 14 K
because the temperature is close to TMI. The inset shows
the change in the transmission (∆Trans.) as a function of
the magnetic field. ∆Trans. is found to become finite at
Fig 4. Magnetic-field dependence of the optical trans-
mission at 14 and 131 K. The transmission is plotted
before the breaking point of the destructive measurement.
The shaded area indicates transmission lower than that in
the high-temperature metallic phase at 291 K. Inset: trans-
mission change ∆Trans. as a function of the magnetic field.
The dashed yellow line corresponds to ∆Trans. = 0. The
light-blue and purple arrows indicate the field positions (B∗)
where ∆Trans. deviates from zero.
a certain magnetic field (B∗), as indicated by the arrow
for each temperature. B∗ is evaluated as approximately
120 and 100 T at 14 and 131 K, respectively.
The optical absorption spectra shown in Fig. 1 and
their temperature dependence are similar to those of
VO2 [15] and in good agreement with previous results
for V1−xWxO2 thin films [17]. The significant tempera-
ture dependence in the spectra at energies less than ap-
proximately 1.2 eV is due to the change in the energy
band structure associated with the absorption arising
from the d|| → pi
∗ transition and due to enhancement in
free-carrier absorption, called Drude absorption, at high
temperatures. Because the lowest photon energy in this
work is 0.5 eV, the onset of the absorption corresponding
to the energy gap is not observed. According to previous
work [17], the energy gap for x=0.06 is expected to be
approximately 0.1 eV.
The considerable decrease of optical transmission at
1.977 µm under an ultrahigh magnetic field, as shown
in Fig. 4, constitutes direct evidence of a magnetic-field-
induced IM (MFI-IM) transition. Because the transmis-
sion change is induced at a threshold magnetic field B∗,
the MFI-IM transition is likely a first-order transition.
The transition is much broader than expected for a first-
order transition because the inhomogeneous distribution
of W sites [19] creates several nanoscale domains with
slightly different potential barriers.
It would not be unreasonable to expect potential bar-
riers between the metallic phase with a uniform V-atom
distribution and the insulating phase with V–V dimers.
The dimers are stabilised with the formation of metal–
4metal bonding, and the dimer can be regarded as a di-
atomic molecule [5, 8]. As schematically shown in Fig. 5,
one of the most plausible explanations for the observed
MFI-IM is that the V–V dimers are dissociated by the
collapse of the molecular orbital. Because the molecular
orbital is stable owing to the occupation of two electrons
in the bonding sate and their spins need to be antiparal-
lel, making the spins of the two electrons parallel can dis-
turb the formation of bonding between adjacent V atoms.
The spin quantum number of V4+ (d1) is S = 1/2, and
its Zeeman energy at 120 T corresponds to 162 K, which
is close to the onset temperature for the MI transition at
zero magnetic field, as shown in Fig. 2. This fact sup-
ports the interpretation above. The potential barrier ∆
in Fig. 5 for the MFI-IM transition is expected to be as
large as the Zeeman energy at 120 T. In contrast, the
energy separation of the bonding and anti-bonding or-
bitals of the V–V dimer is expected to be approximately
2.5 eV [7, 20]. Because this energy scale corresponds to
30,000 K, which is more than two orders of magnitude
larger than the Zeeman energy, the observed magnetic-
field-induced metallisation cannot be explained by con-
sidering only an isolated single dimer. Some many-body
interactions through the electron correlation [4, 10] would
be necessary to understand the mechanism of dissociation
of the dimers by controlling the electron spins.
Here, it is worth noting how the W doping affects the
basic properties of VO2. As shown for the V1−xWxO2
(x = 0.06) thin film investigated in this work, doping the
V sublattice with W reduces the MI transition tempera-
ture TMI by ∼20 K/at.%W for the bulk [21] and by ∼50
K/at.%W for nanostructures [13, 22]. The microscopic
origin of the reduced TMI was revealed by the extended X-
ray absorption fine structure as follows. The local lattice
structure at W sites is more symmetric than that at V
sites and induces the detwisting of the nearby asymmetric
monoclinic VO2 lattice towards the rutile phase [19]. The
W sites form rutile-like VO2 nuclei, and the propagation
of these nuclei decreases the energy barrier of the phase
transition [19]. Hence, the intrinsic mechanism of the MI
transition of W-doped VO2 is identical to that of non-
doped VO2. The broadening of the transition found in
the temperature dependence of the electrical resistivity is
considered to be due to the inhomogeneous distribution
of W sites and reflects the growing so-called “metallic
puddles” in the insulating host [19, 23, 24]. Addition-
ally, the growing part of the metallic puddles gradually
reduces the optical transmission.
Another important issue regarding the reliability of
the experimental results is the temperature of the sam-
ple in pulsed ultrahigh magnetic fields. When the sam-
ple is electrically conducting, eddy currents can heat it
up. Because the pulse duration of the magnetic field in
the present work is of the microsecond order, the time
derivative of the magnetic field dB/dt is large and may
induce a significant increase in the sample temperature.
We evaluated the temperature rise of the sample when it
is in the insulating phase and found that the temperature
Fig 5. Schematic of the magnetic-field-induced
insulator-metal (MFI-IM) transition. The left side
shows that the potential barrier ∆ is lowered because of the
Zeeman energy. The middle part schematically shows the col-
lapse of the V–V dimers. The right part shows that applying
a magnetic field induces the dissociation of the dimer owing
to the destabilisation of formation of the bonding state Ψ of
the molecular orbital, where ϕa and ϕb are the wave functions
of the independent vanadium ions.
rise is less than 4 K even at 500 T. We also found that
even after the MFI-IM transition occurs and the resis-
tivity becomes low, the temperature does not increase,
because of fast thermal relaxation due to the very small
thickness of the sample (15 nm). The nearly isother-
mal condition of the sample under a magnetic field has
been experimentally proven by using a pulsed magnetic
field with different time evolutions (a field generated by
the single-turn-coil technique [25]). Although the cal-
culated temperature quickly increases immediately after
applying the magnetic field and reaches 300 K at 10 T
when the sample temperature is 95 K, the measured opti-
cal transmission is almost constant up to approximately
100 T, indicating that no significant eddy-current heat-
ing occurs. A detailed discussion and evaluation of the
sample temperature are presented in the Supplementary
Information. The sample temperature is maintained even
after the MFI-IM transition, and the isothermal process
of the magnetic-field-induced phase transition has been
measured in the present study.
In summary, we demonstrated that an ultrahigh mag-
netic field of 500 T can transform the insulating dimerised
state of W-doped VO2 to a metallic state at low tempera-
tures. We showed that the V–V dimers are dissociated by
the collapse of the molecular orbital; the bonding state
becomes unstable with the aligning of electron spins in
the magnetic-field direction. The d electrons participat-
ing in the metal–metal bonding becomes itinerant after
the breaking of the dimers. This phenomenon is similar
to “chemical catastrophe”: the chemical bonding is col-
lapsed by a very strong magnetic field through the spin
Zeeman effect [26, 27]. It had been considered to occur
only in cosmic spaces such as on a neutron star, where a
very strong magnetic field exceeding 106 T exists. The
present work suggests that the formation of the molecu-
lar orbital between the vanadium ions, which results in
5the localisation of the unpaired d electrons, is the pre-
dominant driving force behind the MI transition. On the
other hand, the Zeeman energy corresponding to 500 T
is approximately 60 meV, which is less than the eV-order
binding energy for a local isolated V–V dimer by more
than two orders of magnitude. Therefore, it is likely that
the electronic correlation must also be included to obtain
a quantitative understanding of the MFI-IM transition
[4, 10].
From the perspective of material science, because a
singlet spin state with the formation of a cluster of mag-
netic atoms is exhibited by various other strongly cor-
related insulators, such as Ti2O3 [28, 29], AlV2O4 [30],
and CuIr2S4 [31], investigation of the effect of a magnetic
field on their electronic states is an intriguing and impor-
tant research problem. A magnetic field of the order of
1000 T is inevitable for such research because of their
high TMI of several hundreds of kelvins [9].
I. METHODS
A thin film of V1−xWxO2 (x = 0.06) was prepared us-
ing pulsed laser deposition on a TiO2 (001) substrate [32].
The film has a 001-oriented single phase, and its thickness
is 15 nm. The optical absorption spectra at zero field and
different temperatures are acquired using a commercial
spectrometer (JASCO V570) in the transmission configu-
ration. The temperature dependence of the electrical re-
sistivity was measured using the conventional four-probe
method. Magneto-transmission measurements were per-
formed using an infrared fibre laser (AdValue Photonics
: AP-TM-1975-SM-05) having a wavelength of 1.977 µm.
A HgCdTe photodiode was used for detecting the inten-
sity of the transmitted light. A 1000 T field generator us-
ing electromagnetic flux compression [18] was employed
to obtain a strong magnetic field of 520 T. The infrared
laser and HgCdTe detector were placed in a shield room
to avoid electromagnetic noise during the magnetic-field
generation. The sample has an area of 1.8× 1.8× mm2,
and it is sandwiched by two optical fibres having a core
diameter of 800 µm, which are used for relaying incoming
and transmitted laser light. Helium-flow-type cryostats
made of plastic were used to achieve low temperatures
for the magneto-transmission experiments under ultra-
high magnetic fields.
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Fig 6. Evolution of the temperature rise ∆T in the
V1−xWxO2 (x = 0.06) thin film and the B curve as a func-
tion of time. (a) The initial temperature Tini = 14 K and the
B is generated by the electromagnetic-flux-compression [18].
(b) Tini = 131 K and B is generated by the electromagnetic-
flux-compression. (c) Tini = 95 K and B is generated by the
single-turn coil technique [25].
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IV. SUPPLEMENTARY INFORMATION
A. Evaluation of heating of the sample in pulsed
magnetic fields
When pulsed magnetic fields are applied to an electri-
cally conducting sample, the sample temperature (T ) can
change with magnetic field (B) due to the eddy current
heating. Here we evaluate the temperature rise (∆T ) of
a V1−xWxO2 (x = 0.06) thin film in ultrahigh pulsed
magnetic fields. The ∆T is calculated as follows,
∆T =
x2
8
∫ t
0
1
ρcV
(
dB
dt
)2
dt (1)
,where x, cV , and ρ are the radius, specific heat, and elec-
trical resistivity of the sample, respectively. The calcu-
lated ∆T at different measurement conditions are shown
in Figs. 6 (a), (b), and (c). The x is 0.9 mm and cV is
assumed to be βT 3, where β ∼ 7.4× 10−2 J/(m3 K4) is
obtained from cV =2 MJ/(m
3 K) at 300 K for VO2 [33].
The ρ and cV used are shown in Table I.
TABLE I. Parameters use for calculation of the ∆T
14 K 95 K 131 K
ρ [Ωm] 10 6 ×10−5 3× 10−6
cV [J/(m
3 K)] 200 6 ×104 2× 105
6Fig 7. (a) Time dependence of B and that of the optical trans-
mission of the V1−xWxO2 (x = 0.06) thin film at 1.977 µm.
(b) Plot of the optical transmission as a function of B.
As shown in Fig. 6 (a), the ∆T is found to be smaller
than 4 K if the initial temperature Tini = 14 K even at
500 T. Hence the significant change in the optical trans-
mission observed in high magnetic fields exceeding 120 T
when Tini = 14 K cannot be attributed to the effect of
the eddy current heating.
On the other hand, the calculated ∆T for Tini = 131 K
in B of up to 240 T (Fig. 6 (b)) suggests that significant
heating of the sample takes place. It is because the ρ is
rather small reflecting metallic nature. The calculated
∆T reaches 100 K even at a low field of around 60 T.
However, the experimentally obtained optical transmis-
sion is found to show nearly no B dependence when the
field is lower than 100 T, which indicates that the actual
∆T is smaller than a few Kelvin.
The similar finding is obtained from another experi-
ment using the single-turn coil technique [25]. The wave-
form of B is different from the one obtained by elec-
tromagnetic flux compression. As shown in Fig. 6 (c),
the sinusoidal like B curve can induce the eddy current
heating just after application of field. The correspond-
ing optical transmission experiment was conducted on
the V1−xWxO2 (x = 0.06) thin film at 95 K. Fig. 7 (a)
shows the time evolution of B and that of transmission
at 1.977 µm. A significant decrease of the transmission
is expected from the calculated ∆T because the temper-
ature of the sample becomes 300 K at 10 T. One find,
however, that the transmission keeps the initial value up
to around 100 T. Moreover, a slight decrease of the trans-
mission observed at field exceeding 100 T (Fig. 7 (b))
agrees with the results of higher field experiments up to
240 and 520 T.
From the experimental findings that transmission at
95 K and 131 K seem to be free from eddy-current
heating, we can conclude that the calculated ∆T with
adiabatic condition shown in Fig. 6 considerably overes-
timate the effect of sample heating. It should be taken
into account transferring heat from the sample to the
surrounding heat bath. In the present study, the heat
generated in the sample actually can diffuse to the TiO2
substrate and the heat transfer can be very fast because
the thickness of the V1−xWxO2 (x = 0.06) film (d) is
only 15 nm. Insulating and nonmagnetic TiO2 substrate
of which thickness is 0.5 mm would work as an ideal ther-
mal bath.
The speed of the temperature transportation of the
sample with the surface area A and volume V can be
evaluated as follows using the Fourier’s law,
∂T
∂t
= −
(
k
cV
)
A
V
∂T
∂x
(2)
, where k is the thermal conductivity. The speed ∂T/∂t is
proportional to the gradient of the temperature in space
∂T/∂x. Here A/V = d= 15 nm, and k can be taken to
be 20 W/(m K) for metallic VO2 [33].
To obtain isothermal condition for measurements, it is
required to obtain thermal equilibrium condition by fast
heat exchange with surrounding thermal bath. Consid-
ering ∆T = 1 K at the surface of the film, the distance
between the surface and the substrate of 15 nm gives the
relation
∂T
∂x
∼
∆T
∆x
=
1 K
15× 10−9m
∼ 6.7× 107(K/m). (3)
Then we have,
∂T
∂t
∼ −
20
2× 106
(
1
15× 10−9
)
(6.7× 107)
∼ 4.5× 1010(K/s). (4)
This is the speed of temperature transfer. Temperature
increase of 1 K at the surface can be transferred to the
interface between the sample and the TiO2 substrate in
(4.5× 1010)−1 s ∼ 2.2 ×10−11 s = 22 ps. This time scale
is six orders of magnitude smaller than the duration time
of the magnetic field and thus the isothermal condition is
expected to be maintained during the B pulse. This fast
thermal relaxation can explain the experimental findings
that the isothermal condition is likely to be maintained
during the microsecond ultrahigh B pulse.
B. Curve fitting of the absorption spectra at
different temperatures
The optical absorption spectra of the V1−xWxO2 (x
= 0.06) thin film are analyzed. In the insulating phase,
as shown in Fig. 8 (a), the spectrum exhibits a clear
absorption band around 1 eV and another absorption
rise starts at around 2 eV indicating larger absorption
band at higher energy. According to the previous stud-
ies [7, 14, 16], they are the absorption bands due to the
d|| → pi
∗ and d|| → σ
∗ transitions, respectively. Here
d|| is the bonding orbital of the vanadium dimers and
pi∗ and σ∗ are the orbitals originate from t2g and eg or-
bitals. Because the σ∗ is rather strongly hybridized with
oxygen 2p orbital, the latter transition can be regarded
as a charge transfer (CT) absorption. On the other hand,
7Fig 8. Results of the curve fitting (thick solid curves) for
the optical absorption spectra of the V1−xWxO2 (x = 0.06)
thin film at different temperatures. The green and purple
curves correspond to the d|| → pi
∗ and the CT transitions,
respectively. The light-blue curve is the Drude component,
and the red curve contains the total absorption components.
The experimental results are represented by grey open circles.
(a) 10 K. (b) 119 K. (c) 296 K.
pi∗ has mostly dxz and dyz character of d electrons of a
vanadium atom [7]. A lognormal function is used for rep-
resenting the d|| → pi
∗ transition contribution since the
peak shape is asymmetric [13, 15], while a Gauss function
is used to fit the slope of the the CT transition.
In addition to the two absorption bands, free carrier
absorption (so-called Drude absorption) is taken into ac-
count for the spectra fitting. The absorption coefficient
α for the Drude component is expressed as follows.
α =
ω2pλ
2
4pic3n¯τ
. (5)
Here, the plasma frequency ωp is proportional to the
square root of the carrier density ne.
ωp =
√
nee2
ε0m∗
. (6)
λ is the wavelength, c is the speed of light, n¯ is the re-
flective index, and τ is the scattering time. ε0 and m
∗
are the dielectric constant of vacuum and the effective
mass, respectively. m∗ = 3m0 [15, 34, 35] and n¯ =3 [36]
are used for the fitting, where the m0 is the free electron
mass.
The representative optical absorption spectra at 10,
119, and 296 K are shown in Fig. 8 along with the fitting
curves. The red curve is the result of the fitting. The
green and purple curves are the components of d|| → pi
∗
and the CT transitions, respectively. The peak energy
of the Lognormal function (E0) seems to change with
temperature, suggesting significant change in the elec-
tronic structure due to the metal-insulator transition of
this sample around 100 K.
The Drude term is not significant at temperatures
lower than around 70 K at which the ne is estimated to
Fig 9. (a) The DC electrical resistivity of the V1−xWxO2
(x = 0.06) thin film as a function of temperature. (b) The
deduced fitting parameters as a function of temperature; E0
is the energy peak of the d|| → pi
∗ transition, ne is the carrier
density, and the τ is the scattering time of the carrier.
be around 1025 m−3. At higher temperatures, the Drude
term contributes the optical absorption (light blue curve
in Fig. 8). Because there are a lot of adjustable parame-
ters and the slope due to the CT transition seems to be
rather independent of temperature, we assume that the
CT transition does not depend on temperature. Regard-
ing the Drude absorption, we tried to find ne and τ that
give a good fitting results and simultaneously explains
the DC electrical resistivity shown in Fig. 9 (a). The
DC electrical resistivity ρ is assumed to be expressed as
follows.
ρ =
m∗
e2neτ
. (7)
The light-blue open squares shown in Fig. 9 (a) are the
evaluated ρ with the parameters used for the curve fit-
ting for the optical absorption spectra. The parameters
used are shown in Fig. 9 (b) as a function of tempera-
ture. Although the Drude theorem can be too simple to
evaluate the electronic state of V1−xWxO2 (x = 0.06),
the obtained ne at higher temperature around 10
28 m−3
is in agreement with the expected carrier density 1.7 ×
1028 m−3 assuming one electron per formula unit of VO2.
(Here we use the density 2.33 g/cm3 and effects of W-
doping is not taken into account.) Because the scattering
time of carriers in metallic VO2 can be estimated as an
order of 10−15 ∼ 10−14 s−1 [15], the τ shown in Fig. 9
(b) also seem be rather reasonable values .
As shown in the results of the curve fitting (Fig. 8), it is
found that the contribution to the absorption at 0.627 eV
(1.977 µ m) in the spectra of V1−xWxO2 (x = 0.06)
mainly comes from the absorption due to the d|| → pi
∗
transition with a small contribution of the free carrier
absorption. Therefore, the observed significant decrease
of the transmission at 1.977 µm in the ultrahigh magnetic
fields exceeding 100 T to 520 T can be attributed to the
change in the electronic state. The d|| → pi
∗ absorption
band shifts to the lower energy with magnetic field and
most probably close the energy gap at around 500 T.
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